Abstract. Immunoglobulin heavy chain gene rearrangement was evaluated in 19 cases of acute lymphoblastic leukemia (ALL) and correlated with the immunological phenotypic expression on primary or phorbol diester (12-0-tetradecanoylphorbol-1 3-acetate
Introduction
On the basis of conventional immunological markers, -70-80% of the cases of acute lymphoblastic leukemia (ALL)' cannot be assigned to either the T or the B cell lineage. The common ALL(cALL)-associated antigen (1) , which reacts with the majority of non-T, non-B ALLs, does not define the origin of these cells. The first suggestion that a proportion of non-T ALL was in fact B cell committed was based on the presence of cytoplasmic immunoglobulin (CyIg) ,u chains in -25% of the patients (2) . Further support for this hypothesis is obtained by recently developed monoclonal antibodies (MoAbs) which react primarily with malignant B cells (3) . In particular, one of these MoAbs, named BA-1, recognizes most cases of non-T, non-B ALL (4) . Another MoAb, termed B1, has been reported to react with antigens present on -50% of non-T ALL (5) . Furthermore, in a small number of patients, the leukemic cells could be induced to express B cell related antigens after incubation with differentiation agents (6, 7) .
It has recently been shown that before immunoglobulin (Ig) expression a gene rearrangement must occur at the DNA level (8) (9) (10) (Fig. 1) . This approach has proved valuable for a more precise definition of the cellular origin of ALL (12, 13) and of chronic granulocytic leukemia in lymphoid blast crisis (14, 15) .
In the present study, we have found heavy chain gene rearrangement in all but one case of cALL and in one non-T, non-B, non-common ("null") ALL. One T ALL case and one case expressing an undifferentiated phenotype, which responded to anti-myeloid cytotoxic drugs after unsuccessful anti-ALL induction therapy, retained germ line Ig genes.
After assessment for different B cell markers either on primary cells or after differentiation induction with the tumor promoter 1 2-0-tetradecanoylphorbol-1 3-acetate (TPA), all cALL cases except one expressed at least one or more markers of the B cell lineage. Based on these findings, it is conceivable that practically all cases of ALL belong either to the T or to the B cell line of differentiation, and that non-T ALLs represent the malignant expansion of neoplastic cells blocked at different stages along the B cell differentiation pathway.
Methods
Samples. Analyses were carried out using heparinized sterile bone marrow specimens or, less frequently, peripheral blood samples from 19 unselected ALL patients in whom the differential count showed a complete invasion by leukemic cells. In all cases, test cells were recovered from the interface after a "Lymphoprep" (Nyegaard A/S & Co., Oslo, Norway) gradient separation.
Markers. All samples were examined for rosette formation with sheep erythrocytes (E-rosettes) and for the presence of surface Ig. Cylgs were evaluated on cytocentrifuge preparations using a rhodamine conjugated rabbit Ig anti-human IgM (Dako Immunoglobulins Ltd., Copenhagen, Holland). Terminal deoxynucleotidyl transferase (TdT) analysis was carried out on cytocentrifuge preparations, which were fixed in cold methanol for 30 min and stained with a rabbit antihuman TdT and (as second layer) with a fluorescein conjugated goat anti-rabbit. Both reagents were purchased from Bethesda Research Laboratories, Inc., Gaithersburg, MD.
Monoclonal antibodies. Several of the following MoAbs were employed in various combination, according to the reactivity: Vil-Al (common ALL-associated antigen) (16) , RFA-I (OKT1, Leu-l like; thymocytes and circulaiing T cells) (17), OKT3 (medullary thymocytes and circulating T cells) (18) , OKT4 (common and medullary thymocytes, helper/inducer T cells) (19) , OKT6 (thymocytes) (19) , OKT8 (common and medullary thymocytes, suppressor/cytotoxic T cells) (19) , A10 (OKTIO like; and bone marrow precursors, thymocytes, activated T cells) (20) , OKT1 1 (E-rosette receptor) (19) , milliliter of hybridizing solution were used. Hybridization was done in 50% formamide, 0.9 M NaCl, 50 mM NaH2PO4, and 5 mM Na2EDTA, pH 7.0, at 42°C for 18-24 h, and followed by high stringency washes: twice for 20 min in 2X salt-sodium phosphate-EDTA solution (SSPE) (1)X SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM Na2EDTA, pH 7.0) and twice for 40 min in 0.1 X SSPE, always with 0.1% SDS, at 60°C. Hybridization signals were visualized after 3-7 d of autoradiography with intensifying screens.
The probes used were either the recombinant phage Charon 4A H24 (25) , which carries a 12-kilobases (kb) human DNA fragment inserted by means of Eco RI artificial linkers (Fig. 2, segment Fig. 2, segment c) . The three probes were hybridized subsequently to the same filters carrying DNAs digested with Sac I restriction enzyme.
The choice of this particular restriction enzyme was suggested by the extensive study of the specific hybridization pattern acquired by one of us (N.M.) over a large population sample. 130 unrelated caucasian subjects and 40 families have been analyzed so far (reference appeared to migrate with an 11.5-kb fragment, while the Cu gene within a 4.4-kb Sac I fragment. After long run electrophoresis, the former fragment shows polymorphic variants (11.5-12.0 kb), though such small differences in length are almost undetectable under "normal condition", i.e., 24 h electrophoresis at 1 volt/cm and in 0.8% agarose.
A further advantage of Sac I is that it allows the simultaneous recognition, by means of a ji switch-containing probe (e.g., fragment a in Fig. 2 ), of the u, al, and a2 switch regions through the presence of characteristic fragments whose polymorphism and segregation have been described in population and family studies (reference 27; see also legend to Fig. 3 ). In this respect, it is worthwhile to note that the polymorphism associated to the g switch region appeared to derive from the presence or absence of a restriction site in the position indicated in Fig. 2 , which accounts for the two major variants of 2.7 and 2.2 plus 0.5 kb. For the other two g switch "alleles" described (2.75 and 2.6 kb, respectively, which have a cumulated "gene" frequency of 0.02), the molecular basis is not yet known; nevertheless, the chromosomes carrying both such rare variants showed a JH-containing Sac I fragment of the expected germ line length, i.e., 11.5 kb. Thus, the most 5' located Sac I site within the s switch region did not show significant polymorphism so that it could be considered a reliable site for the measurement of the germ line JH-containing segment.
To confirm the Sac I analysis, the same pHJ probe was also employed after Eco RI digestion. In our hands, the germ line Eco RI fragment carrying the JH region appeared -4 kb longer (-20 kb) than that reported by Korsmeyer et al. (13) .
Results
Immunological findings on primary cells. 19 ALL patients were analyzed. The immunological findings are illustrated in Table I . 16 cases were cALL+, one (case 17) was a non-T, non-B, non-common ("null") ALL, one was a T ALL (case 18), and one was an undifferentiated acute leukemia (AL) (case 19) . Of the 16 cALL cases, all were HLA-DR+, 9/13 were BA-I+, 1/14 was Bl+, and 4/16 were CyIg+. The low incidence of B1 positivity in our series compared to previous reports (5) was a chance finding. In an ongoing multicenter study, the overall frequency of Bl + cases is 30% (unpublished data). The non-T, non-B, non-common ("null") ALL was assigned to the lymphoid cell line as it was TdT+ and HLA-DR+. The AL case was HLA-DR+, TdT-, and the T ALL displayed an early, pro-thymocytic phenotype reacting with the RFA-1, A10, and Leu-9 MoAbs.
A complete search for B cell-related markers (BA-1, Bl, CyIg) was carried out on the primary cells from 13 cases of cALL. Of these, three showed no B cell markers, seven expressed one B cell marker, and three displayed two B cell markers.
TPA stimulation. Cells from 10 patients were stimulated with TPA (Table I) . Nine were cALL+ and the tenth was the non-T, non-B, non-common ("null") case. After incubation with TPA, all cases but two were BA-l+; the latter two included the "null" ALL. Two of the eight BA-1+ cases lacked this marker before TPA induction. B1, tested in seven cases, was positive in four; in three of these cases the marker was detected only after TPA stimulation. CyIg were found in four out of the ten TPA-induced cases; three out of four were negative on fresh, unstimulated cells.
All together, after TPA induction, two of the nine cALLs had one B cell related marker (which was not expressed on the primary cells of one case), four displayed two B cell markers (before stimulation 3/4 expressed only one B cell marker), and two had three B cell markers (both cases expressed only one B cell marker before TPA). Only one case (No. 9) remained totally unreactive after TPA. It is important to note that this is the only cALL+ subject who showed no heavy chain gene rearrangement (see below).
Apart from this last case, all cALLs but one (No. 2) increased their B cell marker expression after exposure to TPA (Table I ). The non-T, non-B, non-common ("null") ALL (No. 17) remained totally unreactive also after TPA incubation.
Analysis of DNA rearrangements at the heavy chain Ig region. In order to detect possible new DNA configurations close to the JH region ( Fig. 1) , DNA samples of the 19 ALLs studied were hybridized to the pHJ probe (Fig. 2, segment b) after Sac I digestion. All JH-containing fragments that differed in size from the 11.5-12.0-kb germ line length were judged as being due to somatic rearrangement. For a better control of the DNA configuration, the same probe was also tested in combination with a second restriction enzyme: Eco RI.
16 out of 19 samples tested showed new JH organization in at least one copy of chromosome 14 (15 cALLs, 1 "null" ALL) (Table I and The pattern of rearrangement observed can be classified as follows: most of the subjects (10 cases) had two rearranged JH segments with no germ line counterpart, which indicated that a new DNA configuration had replaced that of the germ line on both chromosomes. A second type of rearranged pattern was characterized by the occurrence of three distinct JH-containing fragments (five cases). Among the latter, two subjects (Nos. 11 and 15) had one of the JH segments in the germ line position, with the other two JH regions being differently rearranged; the remaining three subjects (Nos. 3, 12, and 14) had all three different JH-containing segments in a rearranged configuration (Fig. 3) . In theory, either a mixture of two cell populations or a hyperploidy could account for the occurrence of more than two JH-containing Sac and Eco RI fragments.
A mixture of a neoplastic and a normal population of cells, though in principle valid only for the two cases with a germ line segment, seemed unlikely, as the proportion of blasts in the latter two cases exceeded 90%, and the intensity of the germ line band was not reduced more than two-or three-fold Fig. 3 ). The occurrence of chromosomal hyperploidy in ALs is not rare (28) and could provide an explanation for extra JH regions. Indeed, karyotype analyses confirmed at least in cases 3 and 14 (the other ALLs with three JH segments gave no scorable mitosis) the presence of hyperploid cells with a frequency of 30% (No. 3) and 95% (No. 14). According to these findings, at least one of the additional copies of chromosome 14 should have acquired a novel DNA configuration close to the JH region after chromosome nondisjunction.
An alternative explanation for the three JH regions could be an unequal sister chromatid exchange. Since the intensity ratio among the three JH bands, e.g., in cases 14 and 15 ( Fig.  3 ) and in the remaining three cases (not shown), did not appear to differ more than two-or threefold, such an event should have occurred quite early, possibly during the first mitotic divisions after the establishment of the original malignant cell. Nevertheless, the integrity of the g switch-containing fragments in all these five subjects (two were heterozygous at the M switch "locus", as shown by the presence of 2.2-and 2.7-kb "allelic" fragments), seemed to exclude a crossing over within the major portion of the 1A switch region. If an interchromatid mispairing and crossing over did occur, it appears more likely that it involved the rearranged V gene on one chromatid and an homologous, unrearranged copy on the sister chromatid.
The last variety of rearrangement found in our series of patients was represented by a case (No. 4) of cALL exhibiting only one copy of the JH region and this was in a rearranged position. After the analysis with the j switch probe it appeared that this case might have deleted a major portion of the U switch region in one chromosome. In fact it was apparently homozygote at the A switch "locus", but indeed its g switchcontaining fragment (2.7 kb) showed half the expected intensity for a normal homozygote. Therefore, it is highly probable that a broad deletion spanning the JH and most of the g switch region occurred in one chromosome 14.
Discussion
It is generally thought that B cells acquire the unique property of immunoglobulin production through a multistep differentiation process, of which the most dramatic is the DNA rearrangement at the heavy chain region (8-10) (Fig. 1 ). This DNA reorganization, which depends upon specific activating events that are still largely unknown, appears to follow a sequential order, occurring first at the heavy chain Ig region, then at the K locus, and eventually at the X region (12, 29, 30) . Because of the well established priority of the heavy chain Ig rearrangement, we restricted our study to this DNA region. In fact, either the classical VH-D-JH assembling product or the partial fusion like D-JH can be monitored by the use of a JH probe. In principle, only an isolated VH-D junction could pass unnoticed. In the few cases in which a D region probe was employed (13), a concomitant JH rearrangement appeared. Furthermore, since only some of the D gene families have been cloned, a negative result with a probe from a given D family might not exclude a VH-D rearrangement ahead. Products of incomplete joining involving D elements have occasionally been reported in murine myelomas; most cases, however, were D-JH joining segments (31) and thus detectable with a JH probe.
The large majority of the ALL patients presented here (16/19) had a rearranged JH segment in at least one chromosome (15 cALLs and 1 non-T, non-B, non-common ("null") ALL). These findings may suggest that the block in differentiation of most ALLs comes after the (VH)-D-JH joining phase, and that the latter occurs at the earliest stages of B cell commitment.
The concept that the (VH)-D-JH assembling process must be one of the first steps towards B cell differentiation is in agreement with our findings regarding a case of "null" ALL (cALL-, HLA-DR+, TdT+, BA-I-) in which both JH regions are rearranged. Korsmeyer et al. (13) 19) . The JH-containing 11.5-kb fragment hybridized to both probes, since it overlapped with the 5' end of the g switch region (see Fig. 1 ). The 7.4-kb band has been shown to be associated with the al switch region; the two fragments of 4.9 and 4.8 kb represent allelic variants at the a2 switch "locus"; the 2.7-and 2.2-kb bands behave as "alleles" at the ji switch "locus"; the 4.4-kb band contains the ,u gene (27) . C, normal control DNA. The JH probe appeared to share a weak homology also with a 5. (32) , where, however, only one chromosome ends up with a functional VH-D-JH assembling product. In the "nonproductive" chromosome a wide variety of partial or abortive rearrangements have been described which eventually prevent the transcription or full-length translation of an "out-of-phase" message (e.g., when defective or "pseudo" VH genes are trapped in fusion products or few bases are deleted/inserted during the D-J or V-D junction process).
Only three cases with both chromosomes 14 unrearranged at the JH region were found: a T ALL and an undifferentiated AL (TdT-, cALL-, HLA-DR+) unsuccessfully treated at diagnosis with anti-lymhoid drugs and subsequently responsive to anti-myeloid therapy. Surprisingly, the third case with germ line DNA organization was a cALL that was negative for all T cell markers and showed no B cell markers both on primary and on TPA-induced cells. This, to our knowledge, represents the first cALL case with no heavy chain Ig gene rearrangement described.
Using a battery of conventional immunological tests, at least one B cell marker (BA-1, Bl, CyIg) was detected, either on primary cells or following stimulation with TPA, in all but one case of cALL. It is important to note that the uninducible case was also the only one among the cALLs that displayed a germ line Ig organization (Table I , No. 9).
The majority of cALL cases (8/9) increased the expression of B cell related markers after TPA induction, with the exception of a case (No. 2) that was BA-l + both before and after exposure to TPA. These observations confirm in a larger series of patients and with a broader panel of markers the reports of Nadler et al. (7) and Cossman et al. (6) .
The demonstration that in some cases CyIg can be found only after TPA stimulation despite the preexistence of a heavy chain gene rearrangement suggests that the DNA rearrangement, although essential, is not sufficient to allow a satisfactory level of heavy chain expression. In this respect, the state of the DNA organization at the light chain loci does not seem to bear any relevance (13) . CyIg enhancing factors after VH-D-JH rearrangement appear to be lacking or inhibited in the majority of cALLs. At the present time, the nature of these factors is unknown, except for the fact that in some cases they can be restored or circumvented by exposure to TPA. The evidence that TPA can induce the expression of CyIg suggests that the lack of intracytoplasmic heavy chains on primary cells is probably not due only to ineffective, aberrant gene rearrangement. TPA stimulation is ineffective in non-T, non-B, noncommon ("null") ALLs, as demonstrated by the case reported in our series and by those described by Nadler et al. (7) .
However, unlike the latter case, ours appeared to be B-lineage committed, as shown by DNA analysis.
This study indicates that it is conceivable that almost all non-T ALLs pertain to the B cell differentiation pathway, as indicated by the heavy chain DNA analysis. It is, however, worth noting that conventional immunological markers, including BA-1, B 1 MoAbs, and CyIg analysis, may be sufficient to suggest the B-lineage of the leukemic cells if the assessment on primary cells is complemented by incubation with the differentiation agent TPA. This is particularly important, since sophisticated analysis at the DNA level is presently available only in few institutions.
Based on the information gained from this study, a sequence of B cell marker expression can be suggested according to the level of differentiation. Heavy chain gene rearrangement seems to be the first detectable event along the B cell pathway, followed by BA-1 antigen expression, then by B1, and finally by CyIg. The germ line DNA configuration together with the absence of conventional B cell markers, both on primary and TPA-induced cells of case 9 (cALL+), confirm that both HLA-DR and cALL antigens are not restricted to the B cell lineage. Although it cannot be excluded that this case may represent the expansion of a B-lineage progenitor before Ig gene rearrangement, with the presently available technologies it could not be assigned either to the B cell (or T cell) differentiation compartment.
In conclusion, the finding that most cases of non-T ALL appear of B cell origin provides a link between ALL and chronic lymphoid leukemias, which have been known for many years to be characterized in the great majority of cases by the monoclonal expansion of neoplastic B cells.
